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Microbial diversity of high-elevated
fumarole fields, low-biomass
communities on the boundary
between ice and fire

AllaYu. Shevchenko'3*!, Gleb I. Ursalov?, Natalya I. Eromasova?, Pavel V. Shelyakin®*,
Mikhail S. Gelfand?, Maria N. Tutukina'**, Andrey A. Abramov?, Tatiana A. Vishnivetskaya® &
Elizaveta M. Rivkina®

Fumarole fields on active volcanoes are habitats that host unique microbial ecosystems. However,
DNA extraction from them for further analysis is rather challenging. In this study, we compared

two different ways of sample homogenization for DNA extraction to further profile the microbial
communities of active fumarolic fields from Elbrus and Ushkovsky volcanoes and the frozen fumarole
deposits of Fujiyama. Vertical homogenizer gave significantly higher DNA concentrations for the Elbrus
samples, and more archaeal amplicon sequence variants for Elbrus and Ushkovsky samples compared
to the horizontal one. This suggests that vertical homogenizer might be preferable for DNA extraction
from sandy and rocky soils. Independent of the homogenizer type, the dominant phyla for Elbrus were
Acidobacteriota and Pseudomonadota, and Crenarchaeota for Ushkovsky. The bacterial community of
Fuji was less diverse, with Actinomycetota, Pseudomonadota and Bacillota being the dominant phyla.
Thus, the studied fumaroles showed distinct microbial profiles, revealing unique adaptations to their
respective extreme environments. Within the fungal community, Ascomycota, Basidiomycota and
Chytridiomycota were the most dominant phyla for all three volcanoes, but their abundance varied.
This study offers the first comprehensive analysis of microbial and fungal communities of active and
frozen fumarolic fields, and demonstrates that the choice of methodology can significantly influence
the understanding of microbial diversity in extreme environments.
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Environments once thought to be lifeless actually host diverse forms of microorganisms. From polar ice caps to
hydrothermal vents, from the deep ocean and terrestrial subsurface to the upper stratosphere, these are some of
Earth’s harshest environments that have been found to support life!. However, only a few studies analyzed the
microbial diversity of extreme environments associated with volcanic activity>>. Due to high temperatures, the
volcanic environments, especially fumaroles and thermal springs, are typically considered to be inhabited solely
by thermophiles and hyperthermophiles. Fumaroles are areas at the surface where volcanic gasses and vapors
are emitted. These are common features on active volcanoes, and are an important sign that a volcano is active
in that fumaroles indicate the presence of heat from volcanic sources and often lead to formation of mineral
deposits on cooler surfaces nearby*. Typically, these environments with steam deposits, rich in metals, exposed
to gasses and temperatures ranging from mild to extremely high, harbor low-biomass communities® and are
challenging to study. Understanding of biosignatures within systems generated by volcano-ice interaction is
insufficient, and this represents a significant research interest.

Preservation of microorganisms and their DNA in extreme environments, including fumaroles and
permafrost, may be achieved by encapsulating microbes in cryogenic opal-a, which is formed when silica-rich
hot fluids freeze. This process could preserve cellular structures and genetic material, although research into
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its effectiveness of this preservation is limited®. At that, identification and functional analysis of permafrost
microbial communities is strongly dependent on the effectiveness of DNA extraction.

While extensive approaches to DNA extraction have been evaluated and developed for a variety of
environmental samples’~!?, there is no universal method suitable for all sample types. Proper lysis of microbial
cells from heterogeneous communities, especially unculturable microbial species, without damaging their
genomes is a major challenge. The main aim of lysis is to disrupt cells and release nucleic acids from bacteria
into the solution for subsequent extraction. Although the mechanical lysis has been shown to be effective for
both bacteria and archaea!""?, its impact on the DNA yield, resulting sequencing coverage of the microbiome
composition is poorly understood, particularly for low biomass samples from harsh environments'>~'>. It is still
uncertain whether the extracted DNA accurately reflects the true composition of the microbial community, as
the efficiency of lysis may preferentially impact certain microbial cells over others.

Communities of different fumarolic fields have a distinct microbial composition. A study of the
geothermal region of Favara Grande (Pantelleria, Italy)'® showed that the dominant phyla were Actinobacteria
(Actinomycetota), Chloroflexi (Chloroflexota ), Firmicutes (Bacillota), and Verrucomicrobia (Verrucomicrobiota).
Members of the Firmicutes (Bacillota) and Proteobacteria (Pseudomonadota) phyla, including sequences
associated with thermophilic and sulfate-reducing bacteria, were the most abundant bacterial populations in
fumarole niches of the Paricutin volcano in Michoacan (Mexico)?. Ascomycota and Basidiomycota are the most
abundant members of fungal communities in hydrothermal environments!”. Geothermal environments with
temperatures >80 °C tend to be dominated by archaea over bacteria'®. The microbial composition of extreme
environments may be affected by geochemical characteristics, such as pH, temperature, pressure, radiation, and
high concentrations of salt or heavy metals.

Here, we explore the microbial composition of underexplored high mountain fumarole fields of the Elbrus,
Ushkovsky, and Fuji volcanoes. The composition of the prokaryotic and fungal communities of the fumarole
fields was assessed by the 16S rRNA and ITS gene analysis, respectively. Due to the challenges of extracting
DNA from low-biomass samples!'®, we used two different homogenizers to compare the effect of vertical and
horizontal homogenization on DNA yield. Our results show that the use of a vertical homogenizer TissueLyser
LT (QIAGEN) in DNA extraction of low biomass samples yields higher average concentration of DNA and more
archaeal ASVs (amplicon sequence variants). The microbial community composition was described for each site.

Methods and materials

Site description and sampling

Soil samples were collected from three different locations: Elbrus (Caucasus, Russia), Fuji (Japan) and Ushkovsky
(Kamchatka, Russia) active stratovolcanoes. Topsoil samples from Elbrus and Ushkovsky were taken at natural
humidity by a sterile spoon. The Fuji samples (cores with diameter 6-8 cm and length 15-30 cm) were collected
using a dry drilling technique, without any fluid or compressed air. All samples were stored at —20 °C upon
collection to preserve the composition of the microbial communities.

Three Elbrus samples were collected in August 2020 from fumarole fields on the eastern slope of the volcano
(43°20.979" N; 42° 27.241" E; 5590 m above sea level) (Fig. 1a). Sample FM5 was collected from a point under
the snow in the air cavity of an active fumarole. The sample is a fine soil from the surface (0 cm) containing
fragments of moss, both living and dead. Samples FP1 and FP2 were collected from a point located in the same
fumarole cavity under the snow. The samples are weakly cemented fine soil with inclusions of clastic material and
were taken from the wall of the pits from the surface (FP1 at 0-5 cm) and subsurface layers (FP2 at 5-10 cm).
The soil surface temperature at the time of sampling was +22.5 °C for all samples.

In the Summer of 2022, subsurface (0-5 cm depth) samples were collected at the Ushkovsky volcano,
specifically from an snow-free area at a fumarole field located on the western rim of the Hertz Crater (56.07°N;

Fig. 1. Location of the sample collection sites. (a) Fumarole fields on the eastern slope of the Elbrus volcano
(43°20.979’ N; 42° 27.241' E; 5590 m above sea level). (b) Fumarole field on the western rim of the Hertz
crater on the Ushkovsky volcano (56.07° N; 160.47° E; 3943 m a.s.L.). (c) Recent Activity Point Fuji (RAPFuji)
drill hole, Mountain Fuji (35° 21.776" N; 138° 44.056 E; 3734 m a.s.L.).
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160.47°E; 3943 m above sea level) (Fig. 1b).The sediments are fine soils of hydrothermally altered basalts and are
characterized by a rich ochre color. The surface temperature at the time of sampling was + 68.4 °C. The sampling
site is under the influence of the neighboring Kliuchevskoi volcano, so the sampled material is likely to contain
an admixture of ash of calcareous-alkaline high-aluminous subaphyric basalts from the Kliuchevskoi ash.

The Fujiyama samples were collected frozen in 2012 from extinct fumarole fields located at the rim of the
Fujiyama volcano crater. The samples are core fragments from the Recent Activity Point Fuji (RAPFuji) drill hole
(35°21.776" N; 138° 44.056’ E; 3734 m above sea level) (Fig. 1¢). These samples were collected from two depths
of 60-67 cm (Fj60) and 75-80 cm (Fj75). They represent frozen scoria, ochre-rust colored with inclusions of
clastic material. According to historical records, the surface temperature was +80 °C in 1897, +50 °C in 1957
and became ambient in 1982%.

DNA isolation and sequencing

DNA was isolated using the DNeasy PowerSoil Pro kit (Qiagen, Germany) from 800 mg of each sample, in
triplicate. Samples were taken from the middle of the frozen kern, and put directly to the PowerBead Pro tube
with 800 ul of CD1, without prior defrosting. Then they were homogenized for 10 min using two different
homogenizers at the same frequency of 50 Hz: the horizontal homogenizer Vortex-Genie 2 (MoBio, USA) and
the vertical homogenizer TissueLyser LT (Qiagen, Germany). Following sample disruption, DNA extraction
was made using the DNeasy PowerSoil Pro kit (Qiagen, Germany) according to the manufacturer’ instructions.
DNA concentrations were measured using the Qubit fluorometer (Thermo Fisher Scientific, USA) with the
dsDNA HS assay kit (Thermo Fisher Scientific, USA). The isolated DNA was stored at —20 °C until the start of
the amplicon library preparation.

The V4 variable region of the 16S rRNA gene was amplified using the universal primers 515F
5'-GTGCCAGCMGCCGCGGTAA-3' and 806R 5'-GGACTACHVGGGTWTCTAAT-3">!. To avoid the
adaptor ligation step, Illumina adaptors 1 and 2 were added to the primer sequences. The fungal ITS region was
amplified with ITS3_KYO2-F 5'- GATGAAGAACGYAGYRAA-3’ and ITS4-R 5'-TCCTCCGCTTATTGATA
TGC-3"?% Phusion 2X Master Mix with the HS buffer (New England Biolabs) was used for amplification. The
DNA was denatured (95 °C; 2 min), followed by 27 cycles (30 for ITS) of denaturation (95 °C; 25 s), annealing
(58°C; 30 5), extension (72 °C; 40 s), final extension (72 °C; 3 min), and holding (12 °C). The quality of amplicons
was initially tested using electrophoresis in 1.5% agarose in the 1xTAE buffer. Amplicons were then purified
with the AMPure XP beads (1:0.9 V:V, Beckman Coulter), and their concentration was measured on the Qubit
fluorometer. To control possible contamination, two negative PCR controls with sterile water were made for each
primer pair. The Nextera XT index kits (Illumina, USA) were then used to index the amplicons. The resulting
libraries were cleaned using the AMPure XP beads, quantified, and sequenced in the Skoltech Core Genomics
Facility on Illumina MiSeq (Illumina, USA) as 250 PE using the MiSeq reagent kit V2 (500 cycles).

qPCR

The relative bacterial load in the samples was assessed by qPCR of the 16S rRNA genes?’. qPCR was made using
the DT-lite machine (DNA-Technology LLC, Russia) and SYBR Green 5x qPCRMix-HS (Evrogen, Russia). For
all gPCR assays, the following cycling conditions were used: denaturation (95 °C; 2 min) followed by 35 cycles
of denaturation (95 °C; 25 s), annealing (58 °C; 30 s), extension (72 °C; 40 s), final extension (72 °C; 3 min), and
holding (12 °C). All reactions were performed in triplicate, Comparative Ct quantification (2-ACt method) was
used to obtain qPCR results, with horizontal homogenization samples used as a control. Real-time PCR results
represent the average concentration of three independent DNA extractions.

Data analysis

Raw read quality was evaluated using FASTQC?*. Trimmomatic-0.39%° was used to trim adapter sequences and
low-quality reads with the following parameters: ILLUMINACLIP:NexteraPE-PE.fa:2:30:10:2 LEADING:20
TRAILING:20 SLIDINGWINDOW:20:20 MINLEN:40. Trimmed reads from all samples were analyzed using
QIIME?2, version 2023.5%. Reads were denoised, filtered, chimera checked, and paired-end read joined using
DADA2%. Amplicon sequence variants ASV were generated. Multiple sequence alignment was performed
using MAFFT?® and phylogenetic trees were generated with FastTree?. Bacterial and archeal taxonomy was
assigned to ASVs using the q2-feature-classifier plugin®® with the classifier pre-trained for the V4 region, silva-
138-99-515-806-nb-classifier.qza, available from the QIIME2 data resources site. For fungal reads we trained the
feature classifier with UNITE QIIME release for Fungi version 18.07.2023%! with the QIIME feature-classifier
fit-classifier-naive-bayes plugin®2. The final ASV count table, taxonomy, tree, and sample metadata were merged
into a phyloseq object in R version 4.3.3 (2024-02-29) for further analysis. Contaminants were removed using
the Decontam (version 1.20.0) package. All samples were rarefied to the lowest observed number of reads. The
Phyloseq package (version 1.44.0)* was used to normalize the ASVs into percentages as relative abundance.
Alpha diversity indices were plotted using the plot_richness function in Phyloseq.

Results

Effect of homogenisation on the yield of bacterial and fungal DNA

We first compared the concentration of total DNA after sample homogenization with the vertical Qiagen
LT or horizontal MoBio Vortex-Genie 2 homogenizers (Table 1). In five out of six samples, the overall DNA
concentration was higher after sample disruption with Qiagen TissueLyser LT, with the highest effect for the
Elbrus FM5 sample (for the second Fuji sample the concentration was low in both cases). Gels run after PCR
with the 505F-806R 16S rRNA primers were in line with this observation, showing higher amounts of bacterial
DNA with the use of vertical homogenizer (Supplementary Figure Sla). To quantify the results, qPCR had been
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Sample | Homogenizer type | DNA concentration, ng/ul | Standard deviation | Sampling depth
Elbrus | Vertical 0.169 0.033 0-5cm
FP1 Horizontal 0.026 0.004 0-5cm
Elbrus Vertical 6.58 0.842 0
EM5 Horizontal 0.306 0.105 0
Elbrus | Vertical 0.079 0.002 5-10 cm
EP2 Horizontal 0.124 0.022 5-10 cm
Vertical 0.064 0.012 75-80 cm
Fuji Fj75
Horizontal BLD n/a 75-80 cm
Vertical BLD n/a 60-67 cm
Fuji Fj60
Horizontal BLD n/a 60-67 cm
Vertical 0.033 0.004 0-5cm
Ushk
Horizontal 0.021 0.002 0-5cm

Table 1. Concentrations of DNA isolated from volcano soils using vertical (Qiagen LT) and horizontal
(MoBio) homogenizers. The average concentration for three independent DNA extractions is shown. *BLD:
Below limits of detection.
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Fig. 2. Relative qPCR yield of total DNA after sample disruption with vertical Qiagen TissueLyser LT (red) and
MoBio Vortex-Genie 2 horizontal (green) homogenizers. Error bars were calculated based on two replicates,
with three technical replicates for each.

set up that further confirmed that this difference in concentrations indeed reflected the amount of bacterial
DNA in the samples (Fig. 2; gel is shown in Supplementary Fig. S2). Again, the largest difference was detected
for Elbrus FM5 (Fig. 2). The same observation was made for fungal DNA (gel after amplification with the ITS3-
ITS4 primers is shown in Supplementary Fig. S1b). Though the overall fungal load in all studied samples was
predictably low, for the FM5 DNA the ITS3-4 product was observed. This might be partially explained with the
fragments of living and dead moss contained in the sample.
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Thus, sample disruption with the vertical Qiagen TissueLyser LT homogenizer yielded higher overall DNA
concentration and higher amount of bacterial DNA. In addition, this technique allowed for recovery of a larger
number of archaeal ASVs (Fig. 3a, Supplementary Table S1).

When vertical homogenization was used on samples from the Elbrus volcano, archaea constituted from
1.12 to 2.13%, while when the horizontal homogenizer was used on the same samples, the archaeal domain
was completely absent or present in much smaller quantities (Table S1). For Ushkovsky’s sample the vertical
homogenizer yielded up to 8% more archaea compared to the horizontal one. While bacteria were present
in all the Fuji samples, no evidence for the presence of archaea was found (Fig. 3a). Alpha diversity indices
(Shannon, Chaol, ACE, and Fisher indices; Fig. 3b, Table S2, Table S3) were not significantly different when two
homogenizers were used.

Microbial composition of fumaroles

A total of 194,806 reads were acquired for 12 libraries of 16S rRNA genes; after removing adapters, 99,759
reads remained; after denoising in QIIME2, 83,596 reads were merged and used for downstream analysis. Alpha
diversity indices Chaol, ACE, and Fisher were lower in all Fuji, Elbrus FP2, and Ushkovsky Ushk_v bacterial
communities compared to other samples (Fig. 3b, Table S2, S3). Beta diversity estimated using the Bray—Curtis
distance demonstrated significant differences between bacterial samples (Fig. 4a), with microbiomes from
different sites clearly separated.
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Fig. 3. Homogenization effects. (a) Microbial community compositions at the domain level, determined
by 16S rRNA amplicon sequencing. Samples are divided by location. (b) Alpha diversity indices (Chaol,
ACE, Shannon, Fisher). In the SamplelD, letter “h” means horizontal homogenizer, letter “v” means vertical
homogenizer.
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Fig. 4. Beta diversity of bacterial (a) and fungal (b) communities assessed by the Bray—Curtis index (PCoA).

The composition at the phylum level is presented in Fig. 5a and Table S4. The featured proportion represents the
percentage of 30 most common genera, including “Other” genera (those not in top 30) and unclassified bacteria
(Fig. 5b, Table S5). Based on the relative abundance of 16S rRNA genes, phyla Acidobacteria (Acidobacteriota),
Proteobacteria (Pseudomonadota), Actinobacteriota(Actinomycetota), Chloroflexi (Chloroflexota) were the most
abundant in almost all samples, followed by other, relatively weakly represented phyla (Fig. 5a).

The microbial composition of the Elbrus fumarole field is composed of diverse phyla and genera of bacteria
and archaea. Bacteria from phyla Acidobacteria (Acidobacteriota), Proteobacteria (Pseudomonadota), and
Chloroflexi (Chloroflexota) (Fig. 5a, Table S4) predominate in all samples. Archaea from phylum Crenarchaeota
(Thermoproteota ) were also observed, as well as various soil bacteria, including Verrucomicrobium
(Verrucomicrobiota) and Planctomycetes (Planctomycetota), are also prominent. Minor differences in microbial
communities between topsoil layers were observed in the Elbrus samples; in particular, Candidatus_Koribacter
was identified only in FP1 (0-5 cm) and FP2 (5-10 cm depth) samples, and Acinetobacter was found only
in FP2_v (5-10 cm depth). The following genera were abundant in the Elbrus samples: Subgroup_2, WPS-2,
Candidatus_Udaeobacter, HSB_OF53-F07, AD3 and Rokubacteriales were found in FM5. Subgroup_7, Ellin6067,
Candidatus_Koribacter, AD3, WPS-2, Subgroup_13, Rokubacteriales were abundant in the FP1 and FP2 samples
(Fig. 5b, Table S5).

The microbial communities of the Ushkovsky fumarole are dominantly composed of Crenarcheota
(Thermoproteota) phylum, including mainly genus Group_I.1c and Thaumarchaeota archaeon SCGC AB-
179-E04. Furthermore, thermophilic bacteria such as Thermus were also identified. The presence of bacteria
from genera Subgroup_2 and 11-24 from phylum Acidobacteria (Acidobacteriota), was also notable (Fig. 5a, b,
Table $4, S5).

The microbial composition of the Fuji frozen fumarole included bacterial phyla such as Proteobacteria
(Pseudomonadota), Actinobacteriota (Actinomycetota), Firmicutes (Bacillota) (Fig. 5a, Table S4). Genera
Cutibacterium, Staphylococcus, Acinetobacter, Schlegelella, Corynebacterium were predominant. Thermus was
also found (Fig. 5b, Table S5).
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homogenizer, letter “v” means vertical homogenizer.

Fungal community of fumaroles

For the ITS region, a total of 211,818 reads were acquired for 12 libraries; after removing adapters, 47,260 reads
remained; after denoising in QIIME2, 35,768 reads were merged and used for further analysis. Beta diversity
assessed by the Bray-Curtis distance showed significant differences in fungal communities across the samples
(Fig. 4b). The proportion of fungal genera represents the percentage of 30 most common genera (Fig. 6b, Table
$6). The most abundant phyla were Ascomycota, Basidiomycota and Chytridiomycota (Fig. 6a, Table S7).

The fungal composition of the Elbrus fumarole included phyla such as Ascomycota and Basidiomycota and
less abundant Chytridiomycota, Mortierellomycota, Rozellomycota and others. Samples FM5_h, FP1_h and FP1_v
were also dominated by unclassified fungi, while others were dominated by members of Ascomycota (FP2_h and
FP2_v). The genera Alternaria and Helotiales_gen_Incertae_sedis were present only in the FM5 samples.

The dominant fungal phyla in the Ushkovsky fumaroles were Ascomycota and Basidiomycota. Fomes and
Botryobasidium dominated in the Ushk_h sample; Helotiales_gen_Incertae_sedis and Rozellomycota_gen_
Incertae_sedis, in the Ushk_v samples.

The most abundant phyla in the Fuji fumaroles were Ascomycota and Basidiomycota, dependent on depths.
Samples from the Fuji depths of 75-80 cm, Fj75 contained mainly Ascomycota. Samples from the 60-67 cm
depth, Fj60 contained Basidiomycota outnumbering Ascomycota. The following genera were dominant in the
Fuji samples: in the 75-80 cm depth samples (Fj75_h), genera Alternaria and Cladosporium were noted. In
contrast, the same sample but with vertical homogenization (Fj75_v) contained mainly Cladosporium. In the
60-67 cm depth samples, Fj60_v contained Hyphodontia, Trametes, and Cladosporium, while Fj60_h contained
Antrodiella and Cladosporium (Fig. 6b, Table S6).

Discussion

Fumarole sites have been studied worldwide and have been found to contain unique microbial communities®>1.
The problem with rocky fumarole samples may be related to the specific composition of the soil*®, in particular
the limited surface area on which microorganisms and DNA molecules can be absorbed, and also the lower
amount of unfrozen water, which favors the preservation of microbial cells in frozen sediments. We studied
the microbial communities of fumarole fields from active volcanoes, Elbrus (Caucasus, Russia), Ushkovsky
(Kamchatka, Russia), and Mount Fuji (Japan), and the effects of homogenization techniques on the DNA yield
and microbial abundance. We found that the vertical homogenizer yielded higher DNA concentrations in most
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Fig. 6. Taxonomic composition at the phylum (a) and genus (b) level of fumarole fungal communities
determined ITS region amplicon sequencing. The proportion of all fungal genera represents the percentage
of the 30 most common genera, including “other” genera (those not in the top 30) and unclassified fungi.

Samples were split by site. In the SamplelD, letter “h” means horizontal homogenizer, letter “v” means vertical
homogenizer.

samples, compared to the horizontal homogenizer. The Elbrus FP2 sample was the only exception that might
reflect soil features in this horizon.

In particular, in the Elbrus samples, the vertical homogenizer improved the recovery of archaeal ASVs
compared to the horizontal method. Sample FM5, which contained living and dead moss fragments, showed
particularly high DNA vyields, suggesting that vertical homogenization can effectively disrupt complex samples
containing microbial communities associated with soil organic matter. We did not separate the moss fragments
from the soil particles so as not to disturb the microbial profile. However, their impact was minimal, since
amplification was performed with bacterial primers, the contribution of the chloroplasts was less than 3% in the
FMS5 samples, while mitochondrial reads were almost absent.

In contrast, the horizontal homogenizer yielded lower concentrations of DNA and in some cases failed to
detect the archaeal diversity. This may indicate that a horizontal MoBio homogenizer might be not suitable for all
types of samples, particularly those containing tough or fibrous materials such as plant matter. Our results may
suggest that the limitation of the DNA extraction methodology from fumarole samples is due to the first step of
the process, homogenization.
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Of all studied samples, the most unfavorable soil for DNA extraction was the volcanic scoria of the Fuji due
to the high content of rock fragments. Interestingly, this was the only volcano where we did not find any archaeal
ASVs. This might be either due to natural reasons such as the absence of archaeal communities in this type of
frozen slag, or due to the DNA degradation. This can also be due to previously reported technical reasons®>.

Opverall, the microbial communities observed in the fumarole fields of the Elbrus, Ushkovsky, and Fuji volcanoes
are consistent with previous studies in similar environments. Acidobacteria (Acidobacteriota), Actinobacteria
(Actinomycetota), Chloroflexi (Chloroflexota), and Proteobacteria (Pseudomonadota) are commonly found in
volcanic ecosystems such as the active Santorini-Kolumbo volcanic field*, the Antarctic Peninsula®’. Specifically
Chloroflexi (Chloroflexota) were found in every fumarole sample in the Deception Island Glaciers vs. Fumaroles
study?®. In fumaroles on the island of Hawai’i**, ASVs belonging to Chloroflexi (Chloroflexota) and Proteobacteria
(Pseudomonadota) were the most abundant consortia. Gemmatimonadetes (Gemmatimonadota), found in the
Fuji and Elbrus samples, was one of the most abundant phyla in the bacterial communities associated with
speleothems from two lava tubes on Santa Cruz Island”’. In addition, Planctomycetes (Planctomycetota) were the
most abundant in the Elbrus fumarole. They are usually considered mesophilic and are recognised as common
soil inhabitants*!. Among the fungi, Ascomycota and Basidiomycetes, which occupy different niches*?, were the
largest and most diverse groups in the studied fumaroles.

Temperature appeared to be a critical factor influencing the microbial community structure at the fumarole
sites. Higher temperatures of the Ushkovsky fumaroles (+68.4 °C) favored the presence of thermophilic
microorganisms, predominantly Crenarchaeota (Thermoproteota). This is consistent with observations of
thermophilic prokaryotes typical of such geothermal environments. In contrast, milder temperatures of the
Elbrus fumaroles (+22.5 °C) favored a more diverse range of mesophilic or psychrotolerant microorganisms.
The presence of apparently thermophilic Thermus in the frozen environment of Mount Fuji can be explained by
remaining DNA from dead cells.

In the Elbrus fumaroles, small differences in microbial communities were found between different soil layers,
probably due to the heterogeneity of samples and their respective communities. This illustrates a challenge
in metagenomic studies. For example, unique bacterial members such as Candidatus_Koribacter which were
found at topsoil and Acinetobacter were uniquely present in the FP2 sample at the 5-10 cm depth, and fungal
communities in the samples also showed notable differences depending on depth. Conversely, in the Fuji
fumaroles, while there was a clear difference in microbial profiles, with the presence of phylum Planctomycetes
(Planctomycetota) at the 75 cm depth, genera Acinetobacter, Cutibacterium, and Thermus were present in both
layers. This suggests that even within a single fumarole, abiotic variables such as depth can significantly influence
the microbial community structure.

Several studies describe bacterial and archaeal communities from Fuji****, but not the fumaroles. Specifically,
one study described changes in bacterial diversity with elevation®*. Briefly, the soil samples taken at elevation
intervals between the base of the mountain at 1000 m and its summit at 3700 m showed that the most
abundant phyla in the entire sample set were Proteobacteria (Pseudomonadota), followed by Actinobacteriota
(Actinomycetota), Chloroflexi (Chloroflexota) and Bacteroidetes (Bacteroidota), which partially correlated with
our results. Another study showed elevation patterns for archaeal phyla Thaumarchaeota and Euryarchaeota.
At that, no archaea were found in our samples.

While our findings align with those of similar studies®®3°, they underscore the necessity of considering
individual fumarole characteristics such as the thermal regime and geological context. The diversity of microbial
communities found in different fumaroles are unique and fumarole-specific, providing valuable information
about the ecology of these extreme environments.

Conclusion

Our findings indicate that the vertical homogenization method may have advantages in terms of DNA
yield and the detection of archaeal members compared to horizontal homogenization. This suggests that
vertical homogenization might be a more effective approach for studying microbial communities in extreme
environments such as fumaroles.To validate these findings, further confirmation of the homogenization effect
and a more detailed study with a larger sample size for statistical significance are needed. The observed results
on the dynamics of microbial community composition in fumarole fields suggest a critical role of environmental
characteristics in shaping the microbial diversity. Our central hypothesis is that the microbial diversity and
community structure in fumarole environments are significantly influenced by the unique geochemical and
thermal characteristics of each fumarole, as well as the physical properties of the surrounding substrate.

Data availability
Raw sequencing reads are deposited to the GenBank SRA database with under the Bioproject number PRJ-
NA1149287.
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